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Abstract—We present a new quadruped robot, “Cheetah”,
featuring three-segment pantographic legs with passive compli-
ant knee joints. Each leg has two degrees of freedom - knee and
hip joint can be actuated using proximal mounted RC servo
motors, force transmission to the knee is achieved by means
of a bowden cable mechanism. Simple electronics to command
the actuators from a desktop computer have been designed in
order to test the robot. A Central Pattern Generator (CPG)
network has been implemented to generate different gaits. A
parameter space search was performed and tested on the robot
to optimize forward velocity.
I. INTRODUCTION
There exist several completely different approaches to
artificial legged locomotion. A first example are two-legged
passive dynamic walking machines [1], [2]. These are ca-
pable of quite natural looking motion on a slight slope
without requiring external control or energy other than the
work done by gravity. However these machines have several
inherent limitations: they require a precisely defined artificial
environment and they are limited to one single walking gait
- in fact they correspond closely to the inverted-pendulum
model for walking.
A different approach, for increasing versatility and espe-
cially stability in rough terrain, is to add a number of actuated
degrees of freedom (DOF) per leg. Famous four-legged
examples in this category are Tekken II and several of the
Titan robots [3], [4], [5]. Titan VIII for example has a reptile-
like leg configuration with three DOFs per leg and features a
pantograph mechanism. Tekken II on the other hand uses a
mammal-like leg configuration with four actively actuated
DOFs per leg (hip pitch and jaw, knee and ankle pitch
joints) and passive compliant elements at the ankle level to
prevent the leg from stumbling [3]. A neural system model,
consisting of a CPG and reflexes, is used for controlling
Tekken. Impressive results are obtained, especially when
walking in rough terrain. However this versatility has a cost
in terms of complexity, price and weight.
Passive compliant robots such as Scott II [6], [7], Tekken I
[8] and Puppy II [9], [10] situate themselves somewhere be-
tween passive walkers and complex actively actuated robots.
They feature passive knee joints and actively actuated hip
joints. This leg configuration is very similar to the spring-
mass model for running and hopping [11] - it is very simple
but still achieves interesting results. A stable rotary gallop
gait has been shown for Scott II - with impressive velocities
of up to 1.2 m/s, while Puppy II has been shown to perform
a hopping gait. However the passively actuated knee joints
limit these two robots to gallop and hopping gaits, since most
other gaits require active leg retraction during swing phase.
Our new robot design “Cheetah” is inspired by Puppy II
[9], [10]. The goal is to design a robot that performs fast and
stable quadruped locomotion using multiple gaits thanks to
active leg retraction, has a low energy consumption and is
as simple as possible.
The robots most important part is its leg design, which
has to fulfill several opposing demands: First and foremost
it has to be as lightweight as possible, since the final goal
is to achieve high stepping frequencies. For the same reason
the number of DOFs per leg has to be as low as possible, two
DOFs per leg are sufficient for the most common gaits. We
placed all actuators proximal, since accelerating the inertia
of a motor along with the leg is not a suitable solution. A
final important requirement is to include passive compliance
to absorb impacts and temporarily store their energy, the final
goal being adaptivity, motion stability in rough terrain and
possibly lowered energy consumption.
The combination of these requirements has led to our
mammal-like three-segmented leg design, featuring a panto-
graph mechanism that ensures parallelism between two of
the three leg segments and helps keeping the number of
degrees of freedom low. As an important enhancement over
e.g. Puppy II, which has only one actuated DOF per leg,
the leg can be actively retracted by actuating the knee joint.
The movement transmission from the proximally mounted
motors is done by means of a bowden cable. The resulting
leg design is very lightweight, cheap and simple.
The leg trajectories for the different gaits are generated by
a Central Pattern Generator (CPG) network [12] based on
Hopf oscillators. This particular CPG network has several
interesting properties which make it advantageous when
compared to a purely sine-based controller: (a) switching
gaits is done smoothly by simply replacing the matrix that
defines the coupling between the CPGs, (b) both stance- and
swing-phase duration can be modified independently and (c)
the possibility of easily integrating sensory feedback as a
future option, in order to increase robustness.
II. CHEETAH’S COMPLIANT LEG DESIGN
A. Leg design objectives
Cheetah features a lightweight three segment mammal-
like pantograph leg. The knee-joint is passively compliant
through a spring working in parallel with the retraction mech-
anism. Both hip and knee joints are actuated by proximally
mounted actuators (Fig. 1(b)), the goal being to minimise
inertia and possibly enabling different dynamic gaits.
B. Three-segment leg length ratios
A first important decision was use three leg segments,
since these have been found to be energetically advantageous
[13], [14] over legs with both more and fewer segments.
The relative length of the three leg segments is another
important choice - it was decided to follow the recommen-
dations given by [14] as closely as possible, using a relative
shank length of 0.45 and a ratio between foot and thigh
length of 0.4. These ratios also correspond closely to the
length ratios observed for cats such as real cheetahs [15].
C. Pantograph mechanism
Using three leg segments should not lead to an unneces-
sary increase in complexity and number of actuators, since
one of the main goals of this design is to be as lightweight as
possible. It has been shown that, at least for small mammals,
two leg segments1 are displaced in a nearly parallel fashion
over the whole step cycle [16]. In consequence we decided
to implement a pantograph mechanism, constantly ensuring
parallelism between these two leg segments. Only one DOF
that influences the leg length remains and there is no need
to take leg configuration stability into account [17].
The distance between the two parallel leg segments of the
pantograph mechanism is a compromise: it cannot be very
large since this would require a longer lowest leg segment,
but it has to be as large as possible to guarantee mechanical
strength.
D. Fore- and hind leg length
Taking further inspiration from cats, the hind legs are
designed 20% longer than the fore legs [15] (Fig. 1). Whether
this entails advantages over a configuration with equal leg
lengths and what these advantages are remains yet to be
investigated. A slight offset between fore and hind legs in
the coronal plane was created such as to avoid leg collisions
even for large step angles (Fig. 1). Leg lengths and other key
data characterizing “Cheetah” are listed in Tab. I.
E. Compliance and knee joint actuation
Having evaluated several construction variants, it was
decided to implement compliance by adding a compression
spring on the diagonal of the pantograph mechanism (Fig. 2).
The spring is guided by a plastic tube. During stance phase
the spring is compressed by the external forces acting on
1Forearm and scapula for the forelimb, the configuration for the hindlimb
is slightly different though, depending on the species
(a) Picture of the real “Cheetah” (b) CAD construction drawing
Fig. 1. Picture and CAD drawing of “Cheetah”
TABLE I
CHEETAH’S KEY CHARACTERISTICS
Property Value
Leg weight (fore/hind leg) 20/23 g
Total weight (with/without battery) 850/720 g
Touchdown leg length (fore/hind leg) 160/190 mm
Robot length 235 mm
Robot width (fore/hind) 110/170 mm
the leg, thus absorbing parts of the impact energy from
touchdown. At the end of the stance phase, before takeoff, it
restitutes its energy, thus contributing to the forward motion.
Leg retraction was implemented using a proximally
mounted RC servo motor - such as to minimize leg inertia
- and a bowden cable for force transmission (Fig. 2). The
same Kondo KRS-2350 ICS servo motor is used for hip and
knee joint actuation - it provides a stall torque of 2 Nm and
a nominal speed of 0.16 s/rad (63 rpm).
The foot is an additional compliant element. It can freely
rotate around its joint, but is pulled in counterclockwise di-
rection (as in Fig. 2 on the left) using a rubber band. Together
with foamed rubber used as foot sole, the elasticity helps to
dampen the touchdown impact. In addition it restitutes some
of its energy at takeoff. The rubber band as elastic element
was chosen over alternative concepts due to its low cost, easy
implementation and tuneability.
F. Leg compliance spring dimensioning
To get a first approximation to the required spring prop-
erties, a simple spring-mass model of a single leg was used.
Fig. 2. CAD drawing of the three-segment compliant leg at touchdown or
takeoff
The initial conditions were taken from biological research
which suggests stepping frequencies of up to 5 Hz for
mammals of the size of “Cheetah” [18]. The RC servo motors
used cannot provide a frequency this high - at most a stepping
frequency of about 2.5 Hz could be achieved; thus this value
was used for dimensioning the system. In practice the knee
motors proved to be the limiting factor, since they have to
move at twice the frequency of the hip motors.
Writing the Lagrange function and using a small-angle ap-
proximation, this model can be solved analytically for linear
springs [19]. However the pantograph three-segment cannot
be represented by a linear spring - due to its geometry it
is highly nonlinear (Fig. 3(a)). The large difference between
hind and fore leg force is due to the different springs used -
the fore leg spring constant is kfore = 0.9 N/mm while the
hind leg spring constant is khind = 2.3 N/mm. This choice
is not only due to the different leg lengths but also due to
the somewhat uneven weight distribution on the robot - the
hind legs have to bear more of the motors weight.
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Fig. 3. Static leg pantograph elasticity characteristics and dynamic behavior
The numerical solutions of the equations of motion using
the nonlinear leg-equivalent spring2 (Fig. 3(b)) show that the
stance cycle duration for hind- and fore legs is about the
same despite the different spring constants, but the fore leg
is compressed more.
G. Materials
The whole leg has to be built as lightweight as possible.
All the large structural elements are made of FR4, consisting
of glass fibers and epoxy resin. It is quite lightweight, elastic
and has appropriate mechanical properties and is readily
available for rapid prototyping. Wiring to eventual sensors
can be directly integrated on the leg structure, an option that
the mechanically even more interesting carbon fiber materials
lack.
The only severe limitation of FR4 as building material
is that it is only available as thin boards. Two FR4 layers
were glued together to increase thickness at the joints of the
pantograph mechanism.
H. Electronics
The electronic setup consists of a PIC-18F2850 board
generating the PWM signals for the eight servo motors.
2The total robot weight is below 1 kg, assuming a trot or pace gait with
duty cycle of 0.5, each leg has to bear the load of about half the robot; the
forward velocity is assumed as v = 0.5 m/s. For a walk gait with longer
stance phase the equivalent load is lower, whereas it is higher for a bound
gait.
Currently the system is run in open-loop mode without any
feedback. Control signal generation is done on a desktop PC
which sends the setpoints over a serial line.
III. CENTRAL PATTERN GENERATORS FOR LOCOMOTION
CONTROL
The control of locomotion is done using a Central Pattern
Generator (CPG), inspired from biological CPGs found in
animals. They are neural networks responsible for the gen-
eration of the complex coordinated control signals during
rhythmic movements. For locomotion control, these CPGs
are located in the spinal cord in vertebrate animals. Simple
control signals from the brainstem can activate them and
modulate their behavior (i.e. speed of locomotion, gaits).
In robotics, CPGs (often modeled as networks of coupled
oscillators) have been successfully used to generate trajecto-
ries for locomotion control. Such systems have interesting
stability properties (limit cycle behaviour), perturbations
are rapidly smoothed out. Their synchronization capabilities
allow the coordination of the robot’s different DOFs in
order to create different gaits and permit strong coupling
to the robot’s environment. Additionally they reduce the
dimensionality of the control problem in state space: simple
parameter changes allow to smoothly modulate locomotion
(see [20] for a review).
A. CPG model
The CPG model we used to control the robot was initially
developed in [12]. Although it was successfully tested with
several simulated quadruped robots, this is the first time that
it is used to control a real robot.
This model is made of coupled oscillators. It is able to
generate several different gaits by simple parameter changes,
it is also possible to independently control the amplitude
of the trajectories and the duration of the ascending and
descending phases of the oscillation which is very useful to
control the duration of the swing and stance phases. Indeed,
it is well-known from quadruped mammal locomotion that
the duration of the swing phase is kept constant over ranges
of speed and gaits and that the duration of the stance phase
controls the speed of locomotion [21]. In [12], numerical
simulations showed that the same held for quadruped robots
and that the swing duration was important for stability issues.
Furthermore, this CPG model allows integration of sensory
feedback for online trajectory generation, to have more
robust locomotion (see [12]). Although we do not currently
use sensory information, it is important that the controller
can easily be extended to integrate such information, since
the next goal would be to add sensors to the robot.
The CPG model is made of four coupled oscillators, the
equation for an oscillator i is
x˙i = α(µ− r2i )xi − ωiyi (1)
y˙i = β(µ− r2i )yi + ωixi +
∑
kijyj (2)
ωi =
ωstance
e−by + 1
+
ωswing
eby + 1
(3)
0 0.5 1 1.5
X4
X3
X2
X1
Time
0 0.5 1 1.5
X4
X3
X2
X1
Time264 0 −1 −1 1−1 0 1 −1−1 1 0 −1
1 −1 −1 0
375
264 0 −1 1 −1−1 0 −1 11 −1 0 −1
−1 1 −1 0
375
Trot Pace
0 0.5 1 1.5
X4
X3
X2
X1
Time
0 0.5 1 1.5
X4
X3
X2
X1
Time264 0 1 −1 −11 0 −1 −1−1 −1 0 1
−1 −1 1 0
375
264 0 −1 1 −1−1 0 −1 1−1 1 0 −1
1 −1 −1 0
375
Bound Walk
Fig. 4. Coupling matrices and examples of gait generation for the 4 gaits.
ωstance = 2ωswing for the trot and pace gaits. ωstance = 4ωswing for
the walking gait and ωswing = 2ωstance for the bound.
The variables X1 through X4 correspond to the front left, front right, hind
left and hind right leg respectively (reproduced from [12]).
where ri =
√
x2i + y
2
i , α and β are positive constants
defining the time of convergence to the limit cycle, b is
a positive constant that is chosen to be high (b = 100 in
our case) and the kij are coupling constants from oscillators
j to i. Each oscillator has a structurally stable limit cycle,
the variables xi and yi oscillate with amplitude
√
µ. The
frequency of oscillation is defined by ωi, it switches between
two durations ωstance and ωswing that respectively define
the durations of the ascending and descending phases of the
oscillation (i.e. stance and swing durations).
Figure 4 shows the coupling matrices used to define
the coupling structure between the oscillators and examples
of the generated patterns. Note that the coupling structure
is independent of the internal dynamics of each cell and
that any other type of oscillator could be used to generate
oscillations with different shapes but with the same phase
relationship between the oscillators (i.e. same gait). Smooth
transition between gaits is possible by simply changing the
coupling matrix as shown in Figure 5(a).
B. Control of the cheetah robot
The x variable of each oscillator is used directly as angular
position setpoint for a hip joint of the robot: h(x) = x+ δ,
where δ is an angular offset with respect to the vertical.
The trajectories corresponding to the knee joints are:
k(x, y) =
 0 if y ≥ 010(1− |x|) if y < 0, |x| > 0.91 else (4)
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Fig. 5. Smooth transitions of the trajectories generated by the CPG network:
(a) between a walk and a pace gait at t = 2 s and (b) increase of ωswing
for the hip and knee joints with at t = 10 s
The function k(x, y) corresponds to the length of the
diagonal in the pantograph mechanism (Fig. 2) along the
compression spring. It is zero if the leg is completely ex-
tended as during stance phase and one if the leg is completely
compressed. The relation between k(x, y) and the leg length
is nonlinear and depends on the leg geometry, but it is of little
interest at the moment since the leg is either fully compressed
or extended most of the time.
Figure 5(b) shows typical trajectories sent to the hip and
knee joints. In reality the leg trajectories are not as abrupt as
the generated setpoints suggest, since they are followed by
PID controllers in the RC servo motors that
IV. EXPERIMENTS
Out of the four possible gaits deriving from the CPG
described before, we tested two (walk and pace) on our
robot. The CPG is characterized by six parameters: 1) the
gait (walk, pace, trot or bound) 2) ωstance 3) ωswing 4) the
amplitude for the oscillation 5) the oscillation offset for the
front legs and 6) the oscillation offset for the hind legs.
A. Experimental setup
For both gaits we did two systematic searches by choosing
those two out of the remaining five parameters that had
empirically been determined as being the most influential
ones (walk: a) ωstance and ωswing , b) ωstance and the
amplitude. pace: a) ωstance and ωswing , b) ωstance and the
hind limbs offset). The parameter combinations were tested
by running the robot on a 3 m track, measuring the time
in seconds. In case the robot needed more than 1 min for
the crossing the track, half the track length was used. Some
of the parameter combinations produced a gait destabilizing
the robot so that it tumbled over. In these cases, which are
marked by cross-outs in the plots, the supply cable was used
to stabilize the robot for the tests. In case the robot locomoted
in a non-straight pattern, it was moved by laterally pushing
it back on the track. A restriction by walls or strings would
also be possible, however in such a setup completely instable
gait patterns are harder to detect. The parameter range and
selection was found by testing neighbouring parameter areas
(Tab. II). It presents only a small range of the possible
working space and is meant as a preliminary description.
Setpoint values for controlling the amplitude and offsets
TABLE II
PARAMETERS FOR THE SYSTEMATIC SEARCH EXPERIMENTS
experiment 1 (Fig. 6 a) 2 (Fig. 6 b) 3 (Fig. 7 a) 4 (Fig. 7 b)
gait walk walk pace pace
ωstance 3-8 rad/s 3-8 rad/s 10-15 rad/s 7-17 rad/s
ωswing 3-8 rad/s 8 10-15 rad/s 13
amplitude 60 40-90 30 30
offset front 20 20 30 20
offset hind -10 -10 10 5-20
represent a part of 250 setpoints for a servo motor moving
range of pi.
B. Walking gait
The walking gait (Fig. 8 and [22]) produced the fastest
locomotion. With the first search a stable pattern could be
found for large wswing , which corresponds a relatively long
stance phase (Fig. 6 a). Fixing ωswing and alternating the
amplitude in the second experiment increased the speed
significantly up to almost 1 body length per second. The
velocity increases with the step amplitude and wstance until
the motors saturate (Fig. 6 b). The unstable areas with higher
speed than the stable parameter ranges in Fig. 6 a show that
a passive or active stabilization of the gait (possibly a tail or
an active back for the robot) could increase the velocity.
C. Pace gait
Possibly because of the fixed back the quadruped robot
performed less fast in the pace gait (Fig. 9 and [22]) than in
the walking gait - about 0.47 body lengths per second. It was
also quite hard to find a good range for the systematic search.
Finally small amplitudes (half as big as for the walking gait)
and relatively high frequencies resulted in stable locomotion
(Fig. 7). In case the robot was unstable it tipped over the
side, because the legs on each side are working in parallel.
Especially for the pace gait, a tail for improving equilibrium
of the system might be helpful.
V. CONCLUSION AND FUTURE WORKS
A. Conclusion
In this paper we presented a new quadruped robot, “Chee-
tah”, featuring lightweight three-segment pantographic legs.
It is inspired by Puppy II [9], [10], cheap and simple
when compared to other robots [3], [4], [5], but nevertheless
provides two actively actuated DOFs per leg - the hip joint
and a passively compliant knee joint, that can be actively
actuated through a proximally mounted actuator. Locomotion
control has been implemented using a CPG network capable
of generating the most common quadruped gaits. The robot
has been shown to perform several gaits in experiments3,
where stability was tested and forward velocity has been
optimized in selected regions of the parameters space.
3walk and pace, trot is also possible and stable but its performance has
not yet been systematically investigated
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Fig. 6. Systematic search for the walking gait, two parameters respectively.
Open parameters (a): ωswing and ωstance, (b): ωswing and the shared
amplitude for hind and front legs. The speed values are in [cm/s] (right col-
umn). Crossed out areas correspond to an unstable parameter combination.
The maximum speed found for a stable gait is about 25 cm/s (about 1 body
length per second).
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Fig. 7. Systematic search for the pace gait, two parameters respectively.
Open parameters (a): ωstance and ωswing , (b): ωstance and hind leg offset.
Crossed-out areas correspond to an unstable parameter configuration, the
speed values are in [cm/s]. The maximum speed found for the pace gait is
about 11 cm/s (about 0.47 body lengths per second).
Fig. 8. Snapshots of a walking gait (Movie on [22]). The robot is going from the left to the right. The distance between the two parallel
white lines is about 60 cm, about 100 ms are between each picture. The rather low posture is due to the large leg offsets required to
achieve fast and stable locomotion and the weak fore leg springs introduced for the same reason.
Fig. 9. Snapshots of the robot in pace gait (Movie on [22]). The robot is going from the left to the right. Because the legs on one side
of the robot work in parallel (pace gait) the robot is propelled by a rolling motion, by lifting up on side after the other. About 175 ms
are between two pictures, the overall sequence takes roughly 0.9 s.
B. Future Works
There are several directions for future works based on
Cheetah: Improving the few weak points in the mechanical
design that were discovered when experimenting, making the
robot cordless, introducing sensory feedback to the CPGs
and adding a flexible but actuated back in order to improve
gait stability and increase the robot velocity. Optimization
- possibly in a simulation - of the main design parameters
such as fore and hind leg length relation, relative leg segment
lengths or gear transmission ratio of the motors with regard to
the resulting performance are also research topics of interest.
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